Traditionally, developmental prosopagnosia (DP) has been thought of as an apperceptive condition that hinders individuals' ability to encode face structure. However, several authors have recently raised the possibility that many DPs may be able to form accurate percepts, but be unable to maintain those percepts over time. The present study sought to distinguish these possibilities. In our first experiment 16 DPs and 22 typical controls completed a delayed match-to-sample task with face and car stimuli, with a retention interval of 1-second (low demand) or 6-seconds (high demand). As expected, the participants with DP were worse than the controls at face matching, and were disproportionately impaired at matching faces relative to cars. However, the relative degree of impairment seen in the DPs did not interact with retention interval; they exhibited similar levels of impairment when matching faces with 1-and 6-second delays. Next, we compared the performance of 72 DPs and 54 typical controls on the Cambridge Face Perception Test (CFPT), a task that measures face perception ability in a way that minimises the memory demands. As expected, we found that the DPs were impaired at the group level. This difference was not attributable to a few individuals with an apperceptive profile; rather we found evidence that the distribution of CFPT scores seen in the DP sample was shifted relative to that of typical controls. Some heterogeneity is likely in any neurodevelopmental population, and DP is no different. Generally, however, these findings suggest that selective STFM impairment may be relatively uncommon in this population. Instead, deficits of perceptual encoding may play a larger role in DP than currently acknowledged.
Introduction
Developmental prosopagnosia 1 (DP) is a neurodevelopmental condition associated with difficulties recognising familiar faces and distinguishing unfamiliar faces, that occurs in people with normal intelligence and typical visual acuity, and in the absence of manifest brain injury Duchaine and Nakayama, 2006b; . Historically, the condition was thought to be rare (McConachie, 1976) , but current estimates suggest that 2% of the general population may experience face recognition difficulties severe enough to disrupt their daily lives (Kennerknecht et al., 2006 (Kennerknecht et al., , 2008 . The fact that DP often runs in families suggests the condition has a genetic component (Duchaine et al., 2007; Johnen et al., 2014; Schmalzl et al., 2008) , a finding that accords with the broader view that face recognition ability is a heritable trait (Shakeshaft and Plomin, and Duchaine, 2013) . Consistent with this view, many DPs exhibit difficulties distinguishing unfamiliar faces presented simultaneously (Avidan, Tanzer, and Behrmann, 2011; Biotti and Cook, 2016; Biotti et al., 2017a; Duchaine et al., 2007; Shah et al., 2015a; White et al., 2017) or sequentially, either side of sub-second interval Fisher et al., 2017; Le Grand et al., 2006; Yovel and Duchaine, 2006) . In addition to problems matching or recognising facial identities, many DPs appear to have problems recognising facial emotion Burns et al., 2017; Duchaine et al., 2006) , facial age (Ariel and Sadeh, 1996) , and facial gender (Ariel and Sadeh, 1996; Esins et al., 2016) . Moreover, electrophysiological markers thought to index early face encoding (e.g. the N170 ERP component) are often atypical in cases of DP (Fisher et al., 2016; Towler et al., 2017 Towler et al., , 2012 Towler et al., , 2016 . This profile of deficits is consistent with a locus of impairment early in the face processing stream, before the processing of identity and other facial attributes bifurcates (Bruce and Young, 1986; De Renzi et al., 1991; Haxby et al., 2000) . According to one influential apperceptive account, a failure to process faces holistically -whereby facial features are integrated into a non-decomposable whole (Farah et al., 1998; McKone and Yovel, 2009; Piepers and Robbins, 2013 ) -may underlie the face recognition difficulties seen in DP (Avidan et al., 2011; DeGutis et al., 2012 DeGutis et al., , 2014b Liu and Behrmann, 2014; Palermo et al., 2011) . Consistent with this view, individuals with DP are thought to be less sensitive to facial orientation Shah et al., 2015a; Tree and Wilkie, 2010) , and sometimes have problems distinguishing faces using feature configurations (Le Grand et al., 2006; Yovel and Duchaine, 2006) . It has also been argued that some DPs show reduced susceptibility to visual illusions thought to index holistic face processing, including the part-whole (DeGutis et al., 2012) and composite face effects (Avidan et al., 2011; Liu and Behrmann, 2014; Palermo et al., 2011) . Where observed, aberrant processing of configurations may extend to non-face stimuli (Avidan et al., 2011 ).
A deficit of perceptual encoding or perceptual maintenance?
The case for an apperceptive characterisation of DP is not as strong as it first appears. Several findings suggest that some DPs may encode face structure typically; for example, some individuals with DP exhibit broadly typical discrimination of unfamiliar faces presented simultaneously (Bowles et al., 2009; Dalrymple et al., 2014; McKone et al., 2011; Ulrich et al., 2017) , and apparently normal recognition of facial emotion (Dobel et al., 2007; Humphreys et al., 2007; Lee et al., 2010; Palermo et al., 2011) , facial age and facial gender (Chatterjee and Nakayama, 2013; DeGutis et al., 2014a) . Many DPs also exhibit typical susceptibility to visual illusions thought to arise from the holistic encoding of facial structure, in particular the composite face effect (Biotti et al., 2017b; Le Grand et al., 2006; Susilo et al., 2010; Ulrich et al., 2017) . Notably, Biotti et al. (2017b) recently described two group studies -using independent samples of 16 and 24 DPs -neither of which found evidence of reduced composite effects. These behavioural results indicate that early structural encoding may be intact in many cases of DP.
Rather than characterise DP as an apperceptive condition, several authors have raised the possibility that in many cases, DP may be caused by impaired short-term face memory (STFM); that many DPs may be able to form accurate percepts, but be unable to maintain those percepts over time (Dalrymple et al., 2014; Dalrymple and Palermo, 2016; Jackson et al., 2017; Stollhoff et al., 2011; Ulrich et al., 2017) . A similar possibility has been suggested in the literature on autism spectrum disorder (ASD), where a systematic review concluded that a delay of a few seconds between the presentation of the target and test faces disproportionately impairs matching or recognition performance in this population (Weigelt et al., 2012) . While the suggestion that faces may benefit from domain-specific memory processing is relatively new, the implied dissociation between perceptual processes responsible for face encoding, and memory processes responsible for maintaining face representations, is consistent with evidence that face memory follows a different developmental trajectory relative to perceptual memory for other objects (Weigelt et al., 2013) .
Consistent with the possibility that DP may be caused by aberrant STFM, many cases of DP have been described (Bowles et al., 2009; Dalrymple et al., 2014; McKone et al., 2011; Ulrich et al., 2017) who exhibit impaired performance on diagnostic tests with a memory component such as the Cambridge Face Memory Test (CFMT; Duchaine and Nakayama, 2006a) , but perform within the typical range on tests with a minimal memory component such as the Cambridge Face Perception Test (CFPT; Duchaine et al., 2007) . When DPs are required to retain faces in memory for brief periods, functional magnetic resonance imaging (fMRI) reveals wider activation in prefrontal regions implicated in working memory, relative to typically developed (TD) controls , suggesting that percept retention may be effortful. Similarly, where observed, neural differences in DP are sometimes more pronounced in anterior (extended) regions of the face processing network, than in posterior (core) areas thought to be responsible for early structural encoding (Avidan et al., 2014) .
Present study
In the present study we investigated whether DP is best characterised as i) a disorder of STFM, where these individuals initially form accurate perceptual descriptions of faces, but struggle to maintain these representations over time; or ii) as an apperceptive condition, where face recognition difficulties arise from poor encoding of face structure. In our first experiment, we compared the face-matching ability of 16 DPs following 1-and 6-second retention intervals. Contrary to the predictions of the impaired STFM hypothesis, we find that DPs show similar levels of matching impairment relative to controls at short and long retention intervals. Next, we examined the performance of a large sample of DPs (N = 72) on the CFPT, a task that measures face perception in a way that minimises participants' memory load and is therefore thought to index structural encoding ability. Consistent with an apperceptive characterisation, we find that DPs perform poorly on the CFPT at the group-level and show signs of a shifted distribution.
Do face matching deficits seen in DP increase as a function of retention interval?
It has been proposed that many DPs exhibit intact encoding of face structure, but experience deficits of STFM (Dalrymple et al., 2014; Dalrymple and Palermo, 2016; Jackson et al., 2017; Stollhoff et al., 2011; Ulrich et al., 2017) . Experiments that directly test whether the face matching and face recognition deficits seen in DP are sensitive to memory load are therefore particularly important. For this reason, we sought to revisit a finding described by Shah et al. (2015a) . This previous study utilised a delayed match-to-sample task whereby participants were required to identify a target stimulus from a test display of four items (target plus three lures). Memory demands were manipulated by varying the delay between the presentation of the target and the test array. This approach is useful as it allows systematic manipulation of the memory component of the task, but ensures the perceptual demands -associated with the encoding of target and test itemsare held constant (Shah et al., 2015a) . If DP is associated with impaired STFM, disproportionate impairment should be seen after longer retention intervals, relative to shorter retention intervals. Contrary to this prediction, however, Shah and colleagues found that their DP sample (N = 15) exhibited comparable deficits at short (2-second) and long (8-second) intervals.
In the original study described by Shah et al. (2015a) the same images were used to present items in the study and test phases. Consequently, targets were always seen from the same frontal viewpoint. In the present study, we examined observers' ability to match items viewed from the same frontal perspective (constant-viewpoint matching), and across a viewpoint disparity of 45°(different-viewpoint matching). While constant-and different-viewpoint matching appear similar, they may differ substantially in their perceptual and mnemonic demands. First, observers sometimes match unfamiliar faces using superficial pictorial cues (Hancock et al., 2000; Megreya and Burton, 2006) . Because rotation introduces substantial disparity between target and test images, different-viewpoint matching is less susceptible to this strategy than constant-viewpoint matching (Longmore et al., 2008) . Instead, different-viewpoint matching is thought to tax observers' ability to form and maintain a view-invariant structural description (Bruce and Young, 1986; Marr and Nishihara, 1978) . Second, a particular type of short-term memory -visual working memory (Baddeley, 1992 (Baddeley, , 1993 (Baddeley, , 2010 ) -has been hypothesised that supports the rotation and manipulation of percepts. While constant-and different-viewpoint face matching both tap some short-term memory processes, differentviewpoint matching places greater demands on visual working memory. In light of their different mnemonic demands, these two tasks may behave differently as a function of retention interval, and be differentially affected in DP.
On half the trials, we used a retention interval of 1-second (low demand); on half the trials, we used a retention interval of 6-seconds (high demand). The short interval used in this study (1-second) is shorter than that employed previously (2-seconds; Shah et al., 2015a) , thereby reducing further the memory demands in the low demand condition. We recognise, however, that the retention of percepts for 1-second still represents a memory demand. Crucially, our aim in the short interval condition was to minimise, not to eliminate, the memory demands of the matching task.
2 Participants' face matching ability was compared to that seen with cars to determine if deficits, where observed, were face-specific, or whether they extended to a non-face object category.
Methods

Participants
Sixteen adults with DP (6 males; M age = 41.50 years, SD age = 12.58 years) and 22 TD controls (9 males; M age = 38.23 years, SD age = 13.39 years) completed the experiment. None of the DPs were included in the sample described by Shah et al. (2015a) . Neither participant age [t (36) = 0.763, p = .451] nor proportion of males [X 2 (1) = 0.045, p = .551] differed significantly between the two groups. Ethical approval was granted by the local ethics committee. The study was conducted in line with the ethical guidelines provided by the 6th (2008) Declaration of Helsinki. All participants provided informed consent and were fully debriefed after the experimental procedure (i.e., the aims and rationale of the study were explained).
Diagnostic testing
DP participants were recruited through www.troublewithfaces.org and reported lifelong face recognition difficulties in the absence of brain injury or psychiatric disorder (e.g., ASD, schizophrenia). Diagnostic decisions were based primarily on participants' scores on the Twenty-Item Prosopagnosia Index (PI20; Gray et al., 2017; Shah et al., 2015b) and the CFMT (Duchaine and Nakayama, 2006a) . Diagnostic information for each DP is provided in Table 1 . The development of standardised diagnostic criteria for DP still appears some way off (Barton and Corrow, 2016; Dalrymple and Palermo, 2016; Shah et al., 2015b) . However, the use of convergent self-report evidence and scores on objective, computer-based tasks may be a particularly effective approach to the identification and classification of DP; for example, less than 1.5% of the general population score below 65% on the CFMT and more than 65 on the PI20 (see Gray et al., 2017) .
As expected, the TD controls (M CFMT = 85.1%, SD CFMT = 10.2%; M PI20 = 39.0, SD PI20 = 9.0) differed significantly from the DPs (M CFMT = 55.9%, SD CFMT = 7.9%; M PI20 = 79.9, SD PI20 = 8.1) in their CFMT [t(36)=9.574, p < .001] and PI20 [t(36)=14.390, p < .001] scores. In addition to the CFMT and the PI20, all participants also completed the CFPT to measure their face encoding ability, and the Cambridge Car Memory Test (CCMT; Dennett et al., 2011) to measure their non-face object recognition ability. The TD controls (M = 26.27, SD = 9.61) made fewer errors than the DPs (M = 50.38, SD = 17.33) on the upright condition of the CFPT [t(36) = 5.483, p < .001]. The TD controls (M = 73.9%, SD = 12.8%) and the DPs (M = 63.5%, SD = 8.4%) also differed significantly in terms of their performance on the CCMT [t(35) = 2.837, p = .008]. All participants were also screened for colour blindness using Ishihara's Tests for Colour-Blindness (Ishihara, 1993) .
Stimuli and procedure
Each category (faces, cars) comprised 50 exemplars. Both categories were further organised into 5 subsets of 10 exemplars based on approximate similarity. Cars were sorted into subsets based on their size and class (e.g. Saloons/Sedans/SUVs). Faces were sorted based on aspect-ratio, pigmentation, and eye-brow colour. Each exemplar was depicted twice: once in frontal view, once in 3/4 view. When viewed at 57 cm, the faces subtended 5°of visual angle vertically; the cars subtended 3°vertically. Face stimuli (male Caucasian faces) were created using FaceGen Modeller Version 3.3 (Singular Inversions Inc.). Car stimuli were generated through www.3dtuning.com.
The structure of the delayed matching task is shown in Fig. 1 . Each trial started with a fixation point (750 ms) on a blank screen. A single target stimulus was then presented centrally for 400 ms. Targets were always shown in frontal view. A given facial identity or car model could appear as a target only once in each viewing condition. In all other respects, the choice of target was randomly determined by the experimental program. The offset of the target was followed by a retention interval during which a mask image was presented. The mask was constructed by recombining regions cropped from other target images from the same category. An array of four test items followed the retention interval. The array comprised the target and three lures selected at random from the same within-category subset. On half of the trials, test stimuli were presented in frontal view (here, the target and test stimuli were shown from the same viewpoint). On the remaining trials, test stimuli were presented in 3/4 view (here, the target and test stimuli were shown from different viewpoints). Test arrays were visible until a keypress response was registered. Participants were asked to respond with speed and accuracy.
The factorial combination of Stimulus Type (faces, cars), Retention Interval (short, long), and Viewpoint (frontal, 3/4) yielded eight types of trial, which were randomly interleaved. There were 20 trials of each type, yielding 160 trials in total. Given the large number of face and car stimuli required by the procedure it was necessary to recycle stimuli from each pool of 50 items. Some stimulus items therefore appeared multiple times across the procedure, either as targets or lures. Six practice trials preceded the experiment. No feedback was provided during the procedure. The task lasted approximately 45 minutes and included three short breaks. The task was programmed in MATLAB using the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) . 2 The key strength of this paradigm is that it allows the manipulation of memory demands in a way that leaves the perceptual demands of the task unaltered. Having a no interval condition (i.e., where the target is presented alongside the array of 4 test items) would have violated this logic. Although presenting the 5 faces simultaneously would further reduce the memory demands, this reduction would be confounded with an increase in perceptual and attentional demands.
Results and discussion
Group analyses
Matching accuracy ( Fig. 2a ) was analysed using ANOVA with Stimulus Type (faces, cars), Retention Interval (short, long), and Viewpoint (frontal, 3/4) as within-subjects factors, and Group (DP, TD) as a between-subjects factor. The analysis revealed significant main effects of Viewpoint [F(1,36 Note. The prosopagnosics' scores on the diagnostic procedures were compared with the group of 54 controls described in Experiment 2 (23 males). All but one of the DPs scored at least two standard deviations below the comparison average on the PI20 and the CFMT. The case for including this individual (M2) in our DP sample was bolstered by his poor score (< 3 SDs below the mean) on a UK variant of the Famous Face Recognition Task.
Fig. 1.
Illustration of the stimuli and procedure employed in our delayed matching task.
F. Biotti et al. Neuropsychologia 124 (2019) To evaluate the effects of the two within-subjects manipulations we computed measures expressing each observer's viewpoint effect (sameviewpoint accuracy -different-viewpoint accuracy) and their retention interval effect (short-interval accuracy -long-interval accuracy). The retention interval effects of the TDs (M = 9.7%, SD = 12.1%) and the DPs (M = 12.0%, SD = 8.7%) did not differ [t(36) = 0.689, p = .495] and all DPs exhibited retention interval effects within 2 SDs of the typical mean. Similarly, the viewpoint effects of the TDs (M = 6.5%, SD = 8.5%) and DPs (M = 5.5%, SD = 11.1%) did not differ [t(36) = 0.319, p = .752] and all DPs exhibited viewpoint effects within 2 SDs of the typical mean.
We also analysed participants' response times (Fig. 2b ) using ANOVA with Stimulus Type (faces, cars), Retention Interval (short, long), and Viewpoint (frontal, 3/4) as within-subjects factors, and Group (DP, TD) as a between-subjects factor. In both the accuracy and response time analyses, Group failed to interact significantly with either Retention Interval or Viewpoint. In order to evaluate the strength of evidence provided by these null results, we subjected these interaction effects to Bayesian analysis in JASP-Team (2018) with default prior width. Analysis of the Group × Retention Interval interaction seen in the accuracy data indicated that the observed results were 2.64 times more likely to occur under the null model, than under an alternative. The observed Group × Viewpoint interaction was 3.02 times more likely to occur under the null model, than under an alternative. Analysis of the Group × Retention Interval interaction seen in the response time data indicated that the observed results were 3.05 times more likely to occur under the null model, than under an alternative. The observed Group × Viewpoint interaction was 2.90 times more likely to occur under the null model, than under an alternative.
Correlational analyses
The group analyses described above reveal comparable deficits at short and long retention intervals, replicating the findings of Shah et al. (2015a) . The insensitivity of the DP deficit to retention interval suggests that poor perceptual encoding -not aberrant STFM -may be responsible for the face recognition problems seen in this population. If this view is correct, performance in our matching task should correlate with participants' scores on the CFPT -a measure of face encoding ability. Consistent with this prediction, overall face matching accuracy (i.e., collapsing across viewpoint and interval conditions) correlated closely with performance on the CFPT, [r = -0.743, p < .001, CI 95% : -0.593 to -0.857] (Fig. 3a) . Highly significant correlations were seen between CFPT scores and face matching accuracy in all conditions Fig. 2 . Mean (a) accuracy and (b) response times for the two groups on the delayed-matching task. Performance is broken down by Viewpoint (frontal, 3/4) and Retention Interval (short, long). Simple contrasts were non-significant unless otherwise indicated. *** p < .001; ** p < .01; * p < .05. Error bars denote ± 1SEM.
( Table 2 ). In the combined sample, CFPT scores also correlated with overall car matching accuracy [r = -0.326, p = .046, CI 95% : -0.025 to -0.621], however this correlation was significantly weaker than that seen between the CFPT and face matching [z = 2.59, p < .001]. As expected, observers' matching accuracy at short intervals correlated closely with their performance at longer intervals for both faces [r = 0.810, p < .001, CI 95% : 0.669-0.900] and cars [r = 0.689, p < .001, CI 95% : 0.438-0.879] (Fig. 3b) .
The group analyses also indicate that, relative to controls, DPs showed similar levels of impairment in the constant-and differentviewpoint conditions. This finding suggests that observers may be using the same perceptual strategy to achieve both types of matching. Consistent with this possibility, we found that observers' differentviewpoint face matching ability correlated closely with their constantviewpoint face matching ability [r = 0.846, p < .001, CI 95% : 0.763-0.906]. A similar relationship was seen for cars [r = 0.743, The relationship between long-and short-interval matching accuracy for faces (left) and cars (right). (c) The relationship between constant-and different-viewpoint matching for faces (left) and cars (right). In each case, the line of best-fit was modelled separately for the TD and DP groups. p < .001, CI 95% : 0.522-0.868] (Fig. 3c) . Some correlation was also seen between same-viewpoint face matching and same-viewpoint car matching [r = 0.376, p = .02, CI 95% : 0.044-0.651], and between different-viewpoint face matching and different-viewpoint car matching [r = 0.387, p = .016, CI 95% : 0.112-0.599]. However, both betweenclass correlations were significantly lower than the within-class correlations seen for faces (z = 3.54, p < .001; z = 3.49, p < .001) and cars (z = 2.35, p = .019; z = 2.30, p = .021). Having collapsed across viewing angle and retention interval, a correlation was seen between observers' face and car matching in the combined sample [r = 0.437, p = .006, CI 95% : 0.154-0.683].
The correlations seen between observers' short-and long-interval matching accuracy (faces: r = 0.810; cars: r = 0.689), and between their constant-and different-viewpoint matching accuracy (faces: r = 0.846; cars: r = 0.743) indicate that the task -in particular, the face conditions -has good reliability. Reassuringly, matching accuracy for faces and cars also correlated with our other measures of face and car processing (Table 3) 
Can DPs sort simultaneously presented faces by resemblance?
Previous studies have found that small samples of DPs make more errors on the CFPT than groups of matched TD controls (e.g., Shah et al., 2015a) . As has been noted elsewhere, however, individual DPs often fail to exhibit significant impairment at the single-case level -i.e., they score within 2 SDs of mean typical performance on this task (e.g., Bowles et al., 2009; Ulrich et al., 2017) . In the past, such observations have been cited as evidence that many DPs encode faces typically, and that their face recognition difficulties therefore arise from a deficit of STFM (Dalrymple et al., 2014; Dalrymple and Palermo, 2016; Jackson et al., 2017; Stollhoff et al., 2011; Ulrich et al., 2017) . According to this view, group differences in CFPT performance, where observed, are driven by a subset of DPs with apperceptive impairments who produce outlying error scores.
Where observed, ambiguous z-scores (e.g.,~-1) do not constitute significant single-case evidence of impairment on the CFPT. Nor, however, do they constitute strong evidence for normal perceptual encoding. In principle, a sample of DPs could all score within 2 SDs of the typical mean on a task, but exhibit a highly significant group difference.
We therefore sought to consider a second possibility -that apperceptive deficits are widespread in the DP population, but that the CFPT does not always reveal clear evidence of impairment. The use of the CFPT in the diagnosis of DP is discouraged due to its relatively poor psychometric qualities (Bowles et al., 2009) . Given that the CFPT yields relatively noisy estimates of perceptual ability, the distribution of CFPT scores produced by DPs and controls might be expected to overlap to some degree. Moreover, the simultaneous sorting task employed by the CFPT may also render it susceptible to compensatory strategies; for example, the side-by-side presentation of the to-be-sorted faces, and the opportunity to study each trial display for a minute, may help DPs detect trivial details that help them achieve the correct solution.
It is difficult to distinguish these rival views by examining the scores from single cases of DP. However, these accounts make different predictions about the distributions of CFPT scores that should be seen in DP samples. According to the apperceptive subset view, the distribution of CFPT scores produced by TDs and DPs should differ only in terms of the lower tail of their distributions; i.e. the DP distribution should be identical to that of controls, with the exception of some outlying individuals at the lower tail who make a disproportionate number of errors. According to the shifted distribution view, however, evidence of impairment should be seen in both the upper and lower tail of the DP Table 2 Correlations seen between participants' scores on the CFPT upright and their accuracy and response time (RT) performance in each of the matching conditions. 95% confidence intervals are shown in brackets. *** p < .001; ** p < .01; * p < .05. 
Table 3
Correlations between participants' scores on the Cambridge Face Memory Test (CFMT), the upright condition of the Cambridge Face Perception Test (CFPT), the 20-item Prosopagnosia Index (PI20), the Cambridge Car Memory test (CCMT), and face and car matching performance. Accuracy and response time (RT) measures have been collapsed across viewing conditions. 95% confidence intervals are shown in brackets. *** p < .001; ** p < .01; * p < .05. F. Biotti et al. Neuropsychologia 124 (2019) [285] [286] [287] [288] [289] [290] [291] [292] [293] [294] [295] [296] [297] [298] distribution -not only should the worst DPs make more errors than the worst controls, but the best DPs should be unable to achieve scores comparable with the best controls. We sought to test these rival predictions by examining the distribution of CFPT scores produced by a large sample of DPs and controls.
Methods
Participants
In total, we considered data from 126 adults, 72 with DP (30 males; M age = 42.34 years, SD age = 11.77 years) and 54 typically developed (TD) controls (23 males; M age = 39.20 years, SD age = 13.36 years). These groups include the 16 DPs and 22 TD controls from the first experiment. Summary statistics for both groups are provided in Table 4 and detailed diagnostic information for each DP is provided as supplementary material. As expected, the groups differed significantly in their PI20 [t (124) (1) = 0.01, p = .920] differed significantly between the two groups.
Stimuli and procedure
The CFPT assesses face perception ability in such a way as to minimise the memory demand on participants. Trials present a target face and a series of six faces that resemble the target to varying degrees (Fig. 4a) . Participants have 60 s to sort the six faces in order of targetface similarity. Eight trials present the target and test faces upright, eight present the faces inverted. Trials are scored by calculating deviations from the correct order. Participants were given the option of completing the CFPT using a trackpad or mouse -whichever they found easier to use. All participants were tested individually at the troublewithfaces.org lab, under tightly controlled conditions, in return for a small honorarium.
Results and discussion
Participants' scores on the CFPT were analysed using ANOVA with Orientation (upright, inverted) as a within-subjects factor, and Group (DP, TD) as a between-subjects factor (Fig. 4b) While the scores of the TD observers were more sensitive to the orientation manipulation (upright vs. inverted presentation), this may simply reflect the fact that the DPs are closer to floor performance in the upright condition (also see Klargaard et al., 2018) . In addition to the group difference (DPs < TDs) seen for the inverted trials of the CFPT, we found evidence of correlation between observers' scores on the upright and inverted trials [r = 0.370, p < .001, CI 95% : 0.225-0.521] (Fig. 4c) . When considered separately, this correlation was seen in the TD group [r = 0.530, p < .001, CI 95% : 0.332-0.695] but not in the DPs [r = 0.207, p = .081, CI 95% : -0.001-0.432]. These findings accord with the view that the visual processing of upright and inverted faces may differ quantitatively (Gold et al., 2012; Sekuler et al., 2004; , not qualitatively Rossion, 2008) .
Next, we ranked the TD (N = 54) and DP (N = 72) samples based on individuals' performance on the upright trials of the CFPT and split each distribution into thirds: best performing TDs (N = 18, M age = 37. (Fig. 4d) . This pattern argues against the view that group differences on the CFPT reflect the presence of a few individual DPs with an apperceptive deficit. Instead, these results favour the view that the entire distribution of CFPT scores produced by the DPs is shifted relative to that of TD controls.
To illustrate how apperceptive impairment in DP might produce a shifted distribution of CFPT scores similar to that observed, we have shown the effects of inflating each typical observer's CFPT error score by 80% (Fig. 5a ). This inflation coefficient is akin to the application of a hypothetical apperceptive deficit that increases the number of sorting errors made. As can be seen, this simple model provides a reasonable approximation of the distribution of scores seen in the DP sample. To be clear, we are not claiming that DP always impairs perceptual encoding of faces by 80%; rather, we present this demonstration as a proof-ofprinciple. We merely seek to illustrate that an apperceptive deficit might plausibly produce the distribution of CFPT scores seen in our DP sample.
In the present study, decisions to classify people as DP were based principally on individuals' PI20 and CFMT scores. We note, however, that observers' CFPT scores correlated with their CFMT scores (Fig. 5b) . This relationship was seen in the combined sample [r = -0.665, p < .001, CI 95% : -0.569 to -0.740], and independently in the TD [r = -0.371, p = .006, 95% CI 95% : -0.081 to -0.626] and DP groups [r = -0.299, p = .011, CI 95% : -0.113 to -0.470]. Contrary to the prevailing view that the CFMT is a test of 'face memory', this finding suggests that the individual differences revealed by the CFMT may be strongly influenced by individuals' ability to encode face structure. In other words, we may be able to predict with a fair degree of accuracy whether an individual's CFMT score will fall in the DP range, using estimates of their perceptual encoding ability such as their CFPT score.
General discussion
In the present study we considered whether DP is best characterised as i) a disorder of STFM, where individuals initially form accurate perceptual descriptions of faces, but struggle to maintain these representations over time; or ii) as an apperceptive condition, where face recognition difficulties arise from poor encoding of face structure. In our first experiment, participants (16 DPs and 22 TD controls) completed a delayed match-to-sample task for faces and cars, with a F. Biotti et al. Neuropsychologia 124 (2019) 285-298 retention interval of 1-second (low demand) or 6-seconds (high demand). As expected, participants with DP were worse than TD controls at face matching. Interestingly, however, the relative degree of impairment exhibited by the DPs did not interact with retention interval. Next, we analysed the performance of 72 DPs and 54 TD controls on the CFPT. We found that the DPs were clearly impaired at the group level, and showed signs of a shifted distribution.
Evidence for an apperceptive characterisation
In our first experiment, we found that the face matching deficits seen in DP were insensitive to retention interval; i.e., that very similar levels of impairment were seen at the short and long intervals. To date, only one other study has used a delayed match-to-sample task to explore the perceptual and mnemonic contributions to DP (Shah et al., 2015a) . In this study, the authors found that 15 DPs exhibited comparable face matching deficits at short (2-second and longer (8-seconds intervals. We replicated this result in a sample of 16 different DPs using a short interval condition of 1-second. In addition, the present results show that DPs exhibit similar impairments at short and long retention intervals when a 45°viewpoint disparity exists between the target and test items. This finding excludes the possibility that DPs have a particular problem retaining percepts in a way that supports rotation and manipulation (working memory; Baddeley, 1992 Baddeley, , 1993 Baddeley, , 2010 .
The view that the face matching deficits seen in DP are relatively insensitive to memory load is also suggested by a finding recently described by Jackson et al. (2017; Experiment 1) . Rather than vary retention interval, the authors manipulated memory load by increasing the number of target faces observers had to memorise (one, two, three, or four). Participants were asked whether a single test image presented a second later was one of the targets. As expected, the authors found that matching accuracy decreased as a function of the number of target faces held in memory (a main effect of Memory Load), and that relative to controls, DPs performed poorly in all conditions (a main effect of Group). Crucially, however, the relative impairment of the DPs did not increase with memory load.
3 The insensitivity of the DPs' deficits to the memory load manipulation mirrors the findings of the present study. Once again, this result suggests that the matching deficits observed have a perceptual origin; for example, the DPs in the experiment described by Jackson and colleagues (2017) may have had problems forming a perceptual description of the test face, and thus exhibited poor matching at all levels of the memory load manipulation. Given the apparent insensitivity of their deficits to the memory demands of face matching tasks (Experiment 1; see also Shah et al., 2015a; Jackson et al., 2017) , we re-examined DPs performance on the CFPT. The fact that many DPs exhibit clear impairment on the CFMT (a matching task with substantial perceptual and memory components), but show only mild difficulties on the CFPT (a sorting task that measures face perception in a way that minimises participants' memory load) forms a key line of evidence for the mnemonic account of DP (Bowles et al., 2009; Dalrymple et al., 2014; McKone et al., 2011; Ulrich et al., 2017) . Having analysed the CFPT performance of 72 DPs, however, we found clear evidence of impairment at the group level. This difference was not attributable to a few individuals with an apperceptive profile; rather we found evidence that the distribution of CFPT scores seen in the DP sample was shifted relative to that of typical controls. Not only did the worst DPs make more errors than the worst controls, but the best DPs were unable to achieve scores comparable with the best controls. Indeed, only three of the 72 DPs made fewer errors than the mean of the control group.
In sum, several group studies have now failed to find effects of memory load on face matching deficits in DP, including the present study (N = 16 DPs), Shah et al. (2015a) (N = 15 DPs), and Jackson et al., (N = 10 DPs). In contrast, our analysis of the CFPT scores produced by 72 DPs, suggests that perceptual encoding problems may be widespread within this population, and not limited to a small apperceptive subgroup. Some heterogeneity is likely in any neurodevelopmental population, and DP is no different. Generally, however, these findings suggest that selective STFM impairment may be relatively uncommon in this population. Instead, deficits of perceptual encoding may play a larger role in DP than currently acknowledged.
Putative dissociations between performance on the CFMT and CFPT
Many DP samples include individual DPs who show marked impairment on the CFMT (e.g., < 2SDs below the TD mean) but who exhibit only marginal impairment on the CFPT. Our sample is no different (see Supplementary material). For example, 21% of the DPs described met the criteria for a putatively classical dissociation and 4% a strong dissociation between their CFMT and CFPT performance (Crawford and Garthwaite, 2007) . As described above, the fact that the CFMT (a task with both perceptual and memory components) is more likely to reveal clear deficits at the single-case level than the CFPT (a task that assesses face perception with minimal memory demands) has led many to speculate that DP may often be caused by aberrant STFM, and not impaired perceptual encoding (Bowles et al., 2009; Dalrymple et al., Fig. 5. (a) To illustrate the shifted distribution account, we modelled the effects of inflating each typical observer's error score by 80%, akin to the application of a hypothetical apperceptive deficit. (b) Scatterplot showing the relationship between the participants' CFPT and CFMT scores. The line of best-fit is modelled separately for the TD and DP groups.
3 In the second experiment described by Jackson et al. (2017) , trials presented four faces sequentially for 500 ms each, followed by a maintenance interval of one second. Participants were asked whether a single test image presented a second later was one of the targets. In their analysis, the authors examined how observers' discrimination varied as a function of the position of the target in the sequence (first, second, third, fourth). Although the DPs performed relatively poorly in all categories, their serial-position functions closely resembled those of the controls; for example, both the DPs and controls were more accurate when matching recently presented targets.
2014; McKone et al., 2011; Ulrich et al., 2017) . Where observed, however, we recommend authors treat these apparent dissociations with caution.
First, artefactual dissociations between CFMT and CFPT performance will arise from the fact that one measure plays a key role in the diagnosis of DP, while the other does not. A clear deficit on the CFMT (e.g., < 2 SDs below the TD mean) is widely seen as necessary for a DP diagnosis (e.g., Barton and Corrow, 2016; Dalrymple and Palermo, 2016) . Where individuals fail to reach this criterion, they are often excluded from DP research. In contrast, CFPT scores are free to vary; where reported, they are provided only as an indication of whether a DP is apperceptive or mnemonic (e.g., Biotti and Cook, 2016; Biotti et al., 2017b) . Some DPs will inevitably under-score on the CFMT and over-score on the CFPT (i.e., their scores on these measures under-and over-estimate their true ability, respectively) as a result of the measurement error in these instruments. Because individuals can receive a diagnosis of DP without clear impairment on the CFPT, individuals with this profile are free to participate in DP research. Conversely, other DPs will over-score on the CFMT and under-score on the CFPT. Individuals with this profile are less likely to meet the criteria for inclusion in DP samples and are at risk of being excluded from research. In light of this prevailing bias, it is unsurprising that the DP literature includes many individuals who exhibit a clear deficit on the CFMT but not on the CFPT. The practice of preselecting individuals based on extremely poor CFMT scores (< 2 SDs below the mean), and then reporting single-case analyses that purport to show that an individual's CFMT deficit exceeds their CFPT deficit is akin to 'double dipping' (Kriegeskorte et al., 2009) .
Second, the CFPT may simply be less likely to detect significant impairments at the single-case level than the CFMT. The CFMT is thought to have good internal reliability (e.g., α's of~.85; Bowles, et al., 2017) . In contrast, the fact that the CFPT has fewer trials, the means by which test faces are sorted, and the way performance is scored, may compromise its psychometric properties (α's of~.74; Bowles, et al., 2017) . While poor reliability may not systematically suppress the scores of DPs in particular, the noisy performance of everyone makes it less likely that any given DP will fall 2 SDs outside the typical range. The format of the CFPT may also render it more susceptible to compensatory strategies, than the CFMT; for example, the side-by-side presentation of the to-be-sorted faces, and the opportunity to study each trial display for a minute, may help DPs detect trivial details that help them achieve the correct solution. Due to its relatively poor reliability, authors have been discouraged from using the CFPT in the diagnosis of DP (Bowles et al., 2009) . If the CFPT lacks the reliability necessary to diagnose someone as DP or not DP, we should be cautious about making apperceptive vs. mnemonic classifications on this basis.
Third, it is not clear whether meaningful theoretical inferences can be drawn from differential impairments on the CFPT and the CFMT. Critically, the CFPT and CFMT differ not only in terms of their respective memory components, but also in their fundamental perceptual demands. The CFMT and CFPT present different facial identities under different viewing conditions; for example, the CFMT, but not the CFPT, includes trials where targets are obscured by high-spatial frequency noise. Moreover, the CFPT requires individuals to sort six faces, presented side-by-side, based on their resemblance to a target face, whereas the CFMT requires individuals to identify a recently encountered individual from a line-up of three different facial identities. These two tasks -sorting morphed faces by resemblance (the CFPT), and facial individuation and identification (the CFMT) -may depend on different types of cue, and tax different types of perceptual process (e.g., White et al., 2017) . It is therefore misleading to equate the CFMT and CFPT to perceptual and mnemonic conditions in a controlled experimental manipulation. Although the CFMT and the CFPT differ in their respective memory demands, the differential memory load is confounded with numerous perceptual differences.
The broader case against apperceptive accounts
Individuals with an apperceptive face processing deficit would be expected to exhibit aberrant perception and recognition of facial expression Cook, 2016, 2017; De Renzi et al., 1991; Duchaine et al., 2003) . Studies describing (seemingly) typical recognition of facial emotion in DP (e.g., Humphreys et al., 2007; Ulrich et al., 2017) therefore appear to challenge the view that the majority of individuals with DP exhibit some degree of apperceptive impairment. We note, however, that sensitive psychophysical tasks -and appropriate analyses -may be required to detect expression recognition difficulties arising from impoverished structural description. Having employed expression morphing and the estimation of psychometric functions, Biotti and Cook (2016) found that subtle expression recognition deficits were relatively common in a sample of 17 DPs (see also Burns et al., 2017) . In contrast, tasks that simply require participants to label prototypical expressions ('basic emotions') may be prone to ceiling effects and lack the sensitivity necessary to detect subtle deficits (for related discussion, see Ipser and Cook, 2015) . The development of sensitive, reliable emotion recognition tasks will help to establish the prevalence of apperceptive deficits in the DP population.
Recent evidence suggests that most individuals with DP show typical susceptibility to the composite face effect (Biotti et al., 2017b; Esins et al., 2016; Le Grand et al., 2006; Susilo et al., 2010; Ulrich et al., 2017) , a visual illusion thought to index holistic face processing Rossion, 2013) . While these results suggest that holistic face processing may be intact in DP, they by no means exclude all apperceptive accounts of the condition. For example, DPs may have an apperceptive problem that affects local feature descriptions. Consistent with this possibility, many DPs struggle to make judgements about local regions shown in isolation Duchaine et al., 2006; Liu and Behrmann, 2014) . We also note recent evidence from aperture viewing paradigms suggesting that the ability to process local regions may be a key determinant of face recognition performance .
Insensitivity of face matching deficits to viewpoint disparity
Different-viewpoint matching is thought to be a better test of face perception ability than constant-viewpoint matching (e.g., Duchaine and Nakayama, 2006a) . To match unfamiliar faces across different viewpoints, observers must infer the 3D structure of a target face from an ambiguous 2D image depicting a single view. This represents a substantial computational challenge (Todd, 2004) . In the absence of an image-change, constant-viewpoint matching can in principle be accomplished using superficial pictorial cues (Hancock et al., 2000; Megreya and Burton, 2006) . One might therefore expect DPs to show greater impairment, relative to controls, when matching across different viewpoints. The fact that our DPs exhibited similar deficits when matching faces shown from the same viewing angle, and from different viewing angles (Experiment 1), is therefore striking. Rather than dissociation between constant-viewpoint and different-viewpoint facematching, our results suggest association: our participants appear to have used a similar process in both conditions. This is further suggested by the fact that participants' constant-viewpoint matching ability was closely related to their different-viewpoint matching ability.
One possibility is that observers accomplished both types of face matching through superficial pictorial cues, and that DPs experience difficulties using this image matching strategy. This seems unlikely for two reasons. First, image matching is by definition a domain-general process (Hancock et al., 2000; Megreya and Burton, 2006) . Crucially, however, our DPs were unimpaired at car matching in our first experiment. Similarly, the DPs tested by Shah et al. (2015a) showed typical matching of chairs, butterflies, and hands. These convergent findings argue against a simple image matching deficit. Second, face matching accuracy -but not car matching accuracy -correlated with the face-recognition problems encountered by observers outside the lab, as measured by the PI20 (e.g., mistaking familiar people for strangers, failing to recognise people in the absence of vocal cues, problems recognising people wearing hats or different hairstyles). These difficulties seem unlikely to reflect aberrant processing of trivial pictorial cues. Instead, this correlation underscores the fact that the processes measured by our matching task have meaningful consequences for the day-to-day social interactions of our participants.
Instead, we favour the view that observers use 'face-centred' (Bruce and Young, 1986; Marr and Nishihara, 1978 ) structural descriptions to achieve both constant-viewpoint and different-viewpoint face matching. 4 We speculate that i) these structural descriptions augmented the matching performance of typical observers in both the constantviewpoint and different-viewpoint matching conditions; and ii) the DPs were outperformed in all viewing conditions because they were hampered by imprecise structural descriptions. There is little doubt that seeing to-be-learned individuals in different poses, with different expressions, from different viewing angles (so-called exemplar variation) aids face learning (e.g., Ipser et al., 2016; Murphy et al., 2015) . The suggestion that observers form face-centred descriptions of unfamiliar faces from a single 2D image may therefore seem counter-intuitive. Consider, however, that computer programs have been described that do precisely this; i.e., extrapolate a morphable, posable 3D model of a human face from a single image of a novel face, using the covariation present in a set of training images (e.g., FaceGen Modeller). Once derived, these morphable posable models can be used to estimate how the target face will appear from different viewing angles (e.g., Jones et al., 2017) . In a similar way, the human visual system may use the statistical regularities present in the faces it has encountered in the past to estimate the likely 3D structure of novel faces.
Is DP associated with a face-specific or domain-general deficit?
It remains unclear whether the deficit seen in DP is face-specific or indicative of a domain-general impairment (Gerlach et al., 2016; Geskin and Behrmann, 2017) . On the one hand, we observed a significant group difference on the CCMT and a correlation (r = 0.437) between face and car matching accuracy. We also found that the DP group made more errors than the typical controls when sorting inverted faces, regarded by some as a measure of domain-general perceptual ability (e.g., Rossion, 2008 Rossion, , 2013 . On the other hand, our DPs were unimpaired in the car matching condition of Experiment 1, and other authors, for example, Shah et al. (2015a; N = 15 DPs) and Esins et al. (2016a; N = 16 DPs) , have found that DPs' performance on the CCMT is comparable with matched controls.
Further research is needed to elucidate the nature of the object recognition difficulties seen in DP (Gerlach et al., 2016; Geskin and Behrmann, 2017) . However, evidence of idiosyncratic, inconsistent deficits accords well with the independent disorders hypothesis -the view that forms of developmental agnosia affecting faces and objects are best thought of as independent neurodevelopmental conditions (Gray and Cook, 2018) . This account predicts the existence of 'pure' cases of DP and developmental object agnosia (DOA), individuals who experience impaired face recognition but typical object recognition , and vice versa (Germine et al., 2011) . However, the independent disorders hypothesis also predicts that the incidence of DOA will be higher in DP than in the wider population due to common genetic or environmental risk factors. For example, susceptibility to aberrant structural development of occipito-temporal cortex (e.g., reduced density and coherence of white matter tracts or atypical neural migration) may be a common risk factor for DP and DOA (see also .
Limitations and future research
As noted above, several group studies have now failed to find an effect of memory load on face matching deficits in DP, including the present study (N = 16 DPs), Shah et al., 2015a (N = 15 DPs), and Jackson et al., 2017 (N = 10 DPs) . Together, these results suggest that cases of DP arising solely from a short-term memory impairment may be less common than currently believed. However, the foregoing studies investigated mnemonic effects with retention intervals of 8-seconds (Shah et al., 2015a) or less (present study; Jackson et al., 2017) . These results do not exclude the possibility that some DPs have a mnemonic deficit that impairs longer term face memory (e.g., Stollhoff et al., 2011) or face learning (e.g., Ipser et al., 2016; Murphy et al., 2015) . It is important that future empirical work explore potential deficits in these domains. In order to facilitate this work, we encourage proponents to articulate more clearly the parameters of mnemonic accounts of DP; for example, what types of memory process are thought to be impaired, whether perceptual encoding is preserved entirely, and what constitutes 'short-term' and 'long-term' face memory.
Traditionally, researchers have sought to evidence mnemonic cases of DP by reporting deficits on face recognition tasks with substantial memory demands, but (relatively) intact performance on perceptual tasks with minimal memory demands (e.g. Ulrich et al., 2017) . This approach relies on negative evidence -a failure to detect significant perceptual impairment. Instead, we encourage future research to seek positive evidence of memory deficits. As we have described, DPs with a selective deficit of STFM should show greater impairment on a face matching task with a high memory demand (e.g., a long retention interval), than when performing the same task under conditions of low memory demand (e.g., a short retention interval). By keeping the perceptual demands in these two conditions identical, it should be possible to exclude apperceptive interpretations, where deficits increase as a function of memory demands. Moreover, if the DP population includes a subgroup who exhibit selective problems retaining faces in memory, but who are able to encode faces without any impairment whatsoever, it should be possible to find individuals who achieve good levels of performance on sensitive measures of face encoding, including psychophysical tests of emotion, age, and gender classification ability. Positive evidence for a memory deficit, together with evidence of strong perceptual encoding ability, would represent a compelling demonstration of a mnemonic case of DP.
Conclusion
There has been considerable speculation that a subgroup exists within the DP population, comprised of individuals who can form accurate face percepts, but are unable to maintain those percepts over time. While this mnemonic hypothesis is an interesting idea, it currently lacks convincing empirical support. In particular, several group studies have now failed to find effects of short-term memory load on the face matching ability of DPs. In contrast, our analysis of a large sample of DPs indicates that deficits of perceptual encoding are widespread in this population. We would stop short of saying that all cases of DP are apperceptive: neurodevelopmental populations are rarely this homogenous. However, our results suggest that cases of DP may typically have an apperceptive origin. 4 We use the term face-centred rather than view-invariant to reflect the fact that these representations do not exhibit perfect view-invariance. We note, however, that observers' matching performance -in the present study and elsewhere -typically far exceeds chance even when pairs of unfamiliar faces are presented with large viewpoint disparities. Given the highly complex 3D shape of the human face, and the fact 3D structure must be recovered from a highly ambiguous 2D image, this is a remarkable achievement of the human visual system.
